Abstract. The clinical efficacy of ErbB1 kinase inhibitors is limited by the development of acquired autoresistance. The activation of alternative signaling pathways can contribute to gefitinib resistance. In this study, we demonstrate that the continuous in vitro exposure of the phosphatase and tensin homologue (deleted from chromosome 10)-negative prostate cancer (PC)3 cell line to gefitinib resulted in a sustained growth inhibition of 50% for about 2 months, but afterwards the surviving cells resumed their usual proliferation rate. During chronic treatment, gefitinib-treated cells developed drug resistance undergoing a G0/G1 cell cycle arrest, with a corresponding reduction in the G2/M cells without evident cell apoptosis, and thus a tyrosine kinase inhibitor-resistant (TKI-R) PC3 cell subline was isolated. TKI-R cells show i) an increment in basal ERK activation, ii) an epidermal growth factor-mediated and gefitinib insensitive ERK phosporylation, iii) increased levels of Her2/Neu, iv) a significant decrement in epidermal growth factor receptor (EGFR) expression, v) a very low sensitivity against EGFR TKIs and blocking antibodies, vi) a moderate increase in the sensitivity to growth inhibition by the Her2 inhibitor, AG825 or by 2C4, the humanized monoclonal antibody which blocks Her2 heterodymerization, vii) an increased expression of the neutrophine receptors, TrkA and TrkB, and viii) a significantly increased sensitivity to growth inhibition by the TrkA inhibitor, CEP701.
Introduction
Despite initial positive response to androgen ablation therapy, virtually all patients with prostate cancer (PCa) develop hormone-refractory disease. The epidermal growth factor receptor (EGFR) or erbB1 is a proto-oncogene, which encodes a 170 kDa protein (1) consisting of an extracellular ligandbinding domain, a transmembrane domain, an intracellular tyrosine kinase domain, and a carboxy-terminal regulatory domain containing sites of autophosphorylation. Upon the binding of its ligand, EGFR undergoes homo-and/or heterodymerization with other members of the same receptor family, including erbB2, erbB3, and erbB4, resulting in the addition of phosphate moieties to specific tyrosines, which can serve as docking sites for downstream effectors (2) . In addition, a subset of human tumors is driven by the overexpression and overactivity of the EGFR family proteins (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Also, many solid tumours also demonstrate an elevated expression of the corresponding EGFR ligands, EGF and the transforming growth factor-α (TGF-α) (14, 15) , suggesting that the receptor can be activated in an autocrine manner. In breast cancer, for example, EGFR overexpression has been associated with oestrogen receptor-negative disease and hence with poor prognosis (16) (17) (18) (19) , while in vitro studies have also implicated EGFR in the mediation of acquired resistance to anti-oestrogen therapy (18, 19) . In PCa ~80% of cases display EGFR or Her2 gene overexpression (20) (21) (22) and it has been shown that ErbB1 expression is strongly associated with hormone-refractory status (23) (24) (25) (26) (27) (28) and this suggests that drugs targeted toward ErbB signaling could be of therapeutic relevance in the management of advanced prostatic carcinoma. (22) . Signal transduction through the ErbB receptor family involves the Raf-MEK-MAP kinase and the PI3-kinase/Akt signaling pathways. These pathways are often activated simultaneously with conflicting responses such as apoptosis, proliferation, growth arrest, differentiation, ONCOLOGY REPORTS 18: 503-511, 2007 503 Uncoupling of the epidermal growth factor receptor from downstream signal transduction molecules guides the acquired resistance to gefitinib in prostate cancer cells and senescence, depending on the cell type and the duration and strength of the stimulus. Gefitinib is an oral nonpeptidic anilinoquinazolone compound that inhibits the TRK activity of the EGFR Erb-B1 [with an IC 50 of 0.02 μM, requiring a dose almost 200-fold higher to inhibit HER2 Erb-B2, 3.7 μM; (29) ]. Fabian et al (30) reported that gefitinib binds 16 kinases plus EGFR (with a Kd >1 μM for all kinases, except GAK), the corresponding Kd for EGFR being 1000-fold higher, whereas for GAK (10-100 nM) the corresponding Kd for EGFR was about 10-fold higher. However, gefitinib can be used to specifically inhibit EGFR at doses lower than 10 μM. Gefitinib inhibits the growth of cell lines that express high levels of EGFR and induces the complete regression of well-established xenografts (31) (32) (33) (34) (35) . In addition, we have demonstrated that gefitinib is able to reduce the invasiveness (36) and metastasis (37) of PCa cells. Gefitinib has been included in clinical trials in cancer patients, and antitumor activity has been demonstrated against several human cancers, such as recurrent or metastatic squamous head and neck cell carcinoma (Cohen et al personal communication), non small cell lung cancer (38) (39) (40) and prostate cancer (41) . However, the clinical data have already demonstrated that not all patients respond to the inhibitor, indicating the existence of an intrinsic or de novo resistance to the drug (38) (39) (40) 42) . However, although in vitro studies (43) have indicated a potential higher effectiveness of gefitinib in advanced PCa as a single therapeutic agent or in combination with chemotherapeutics, the drug has shown minimal single agent activity in the clinically advanced phases of the disease (41, 44) . The acquisition of resistance to gefitinib has also been demonstrated in vitro, with the establishment of different gefitinib/erlotinib-resistant cell lines (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) due to EGFR secondary mutations in the tyrosine kinase inhibitor (TKI) domain in non small cell lung carcinoma (NSCLC) and oesophageal cancer (52, 53) as well as in the activation of alternative signaling pathways in breast cancer and PCa (52) (53) (54) . In our study, we generated a model for the acquired resistance to gefitinib using an androgen-independent, EGFRpositive, (55) and phosphatase and tensin homologue deleted from chromosome 10 (PTEN)-negative PC3 cell line, with a slow sensitivity to gefitinib, in which an increased Her2-and TrkA-mediated mitogen-activated-protein kinase (MAPK) activation is involved.
Materials and methods
Reagents. All the materials for tissue culture were purchased from Hyclone (Cramlington, NE, USA). Plasticware was obtained from Nunc (Roskilde, Denmark). EGF was purchased from ImmunoTools (GmbH, Friesoythe, Germany). Antibodies were purchased from Santa Cruz (Santa Cruz, CA, USA) unless otherwise indicated. Antibodies against phosphorylated forms of EGFR, HER2 and ERK1/2 were obtained from Biosource International (Camarillo, CA, USA Establishment of a PC3 cell subline resistant to the EGFR TKI gefitinib. The PC3 cell cultures were washed with Dulbecco's phosphate-buffered saline (PBS) and continuously exposed to gefitinib in routine culture medium which was replaced every 4 days. Initially, PC3 cell numbers were dramatically reduced and during the following 2 months the surviving cells were passaged approximately every 10 days with a seeding ratio of 1:3. Cell proliferation slowly increased every 20 days with the seeding ratio increasing to 1:8 over the next 2 months. A stable growth rate was reached after a total of 6 months, with routine maintenance of the newly developed PC3/TKI-R cell subline involving cell culture passages every 7 days, with a seeding ratio of 1:10 of the confluent cell number.
Growth assays. Cells were seeded at a density of 2x10 4 cells per dish in 50 mm petri dishes. The cells were left to attach and grow in 5% FCS DMEM for 24 h. After this time, the cells were maintained in culture medium containing androgens or subjected to androgen depletion. The following day, three dishes were sacrificed for cell counting (time 0) in order to measure the baseline cell number, while the remaining dishes were medium changed. Morphological controls were performed every day with an inverted phase-contrast photomicroscope from Nikon Diaphot (Tokyo, Japan), before cell trypsinisation and counting. All other cells were treated with either 50 ng/ml EGF or different doses of gefitinib. The cells trypsinised and resuspended in 20 ml saline, were counted by a haemocytometer from LabRecyclers (Gaithersburg, MD, USA) every 24 h and 5 independent counts were performed for each dish. All experiments were conducted in triplicate. In order to calculate the inhibitory concentrations at 50% IC 50 of gefitinib, 2,500 cells were cultured in 96-well plates for 24-96 h in different culture conditions. After 48-96 h the cells were exposed for 4 h to thyazol blue MTS; Promega (Madison, WI, USA). The 96-well culture plates were then placed on a microplate shaker for 5 min and the absorbance of the converted dye was measured at the wavelength of 490 nm using a BioRad multiscan plate reader (BioRad, Richmond, CA, USA). Usually, 5 replicate wells were used for each group. Inhibition curves were drawn with values obtained by OD percentages vs the control for each concentration. IC 50 was calculated by the GraFit method (Erithacus Software Ltd., Staines, UK) considering the slopes of inhibition curves obtained for each group of tests.
Preparation of cell lysates and Western blot analysis.
Following the treatments, the cells were washed with cold PBS and immediately lysed with 1 ml lysis buffer, 50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1 mM sodium orthovanadate, 30 mM p-nitrophenyl phosphate, 10 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml aprotinin and 10 μg/ml leupeptin. The pellets were resuspended in a harvest buffer containing 10 mM HEPES pH 7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA and 0.5% Triton X-100 and incubated on ice for 5 min. The cells were pelleted at 1,000 rpm on a swinging table top Microfuge Beckman Instruments Inc. (Fullerton, CA, USA), washed and resuspended in 10 mM HEPES pH 7.9 containing 10 mM KCl, 0.1 mM EDTA and 0.1 mM EGTA. The pellets were vortexed for 15 min at 4˚C and centrifuged at 14,000 rpm for 10 min at 4˚C before protein content was measured. The lysates were electrophoresed in 7% SDS-PAGE, and the separated proteins were transferred to nitrocellulose and probed with the appropriate antibodies using the conditions recommended by the antibody suppliers.
Immunoperoxidase staining and immunofluorescent analysis.
The cells were cultured in Lab-Tek Chamber slides from Nalgene Nunc International (Rochester, NY, USA) and treated as described in the 'growth assays' section. After 24-48 h of cell culture, the cells were washed in PBS and fixed either in 4% PBS-paraformaldehyde for 5 min for the immunostaining of membrane associated antigens (EGFR/ HER2) or in cold 1:1 acetone:methanol mixture in ice for 2 min for the immunostaining of cellular or nuclear antigens (PSA and AR). Primary and secondary antibodies were used according to the manufacturer's protocols. The quantification of TrkA, B, C and p75 NGFR as well as that of EGFR/ HER2-positive cells was performed by flow cytometric analysis (FACScan; Becton-Dickinson, Mountain View, CA, USA). The cells were trypsinised, centrifuged and left at 37˚C for 1 h in DMEM/10% FCS in polypropylene tubes in order to reconstitute the cellular external membrane. The cells were washed in saline buffer and 1x10 6 cells were treated with about 10 μg/ml primary antibodies. After 1 h at 4˚C the cells were washed twice in PBS and FITC-anti-rabbit and anti-mouse secondary antibodies (about 1 μg/ml) were then added. After 30-min incubation at 4˚C, the cells were washed twice and resuspended in PBS at a density of 1x10 6 cells/ml before analysis using Cell Quest software (BectonDickinson).
Statistical analysis. Data are expressed as the means ± SEM of at least three independent experiments. Statistical analysis was performed using an unpaired Student's t-test. The comparison on the growth factor receptor expression was performed using Fisher's exact test. P-values <0.05 and <0.01 were considered statistically significant.
Results

Development and characterization of gefitinib-resistant PC3 cell line (PC3-TKI-R)
Role of phosphoinositide 3-kinase (PI3K) inhibition in the gefitinib sensitivity. In order to test the hypothesis that PI3K inhibition can contribute to gefitinib effectiveness, we performed gefitinib growth sensitivity assays in the presence of the PI3K inhibitor, LY294002. In this analysis, we found that the IC 50 values calculated for the gefitinib treatment decreased in a statistical manner (0.68±0.17 and 0.11±0.06 μM, P<0.001) after treatment with non toxic LY294002 (5 μM), reducing the Akt activity (data not shown). The decreased cell proliferation was associated to a dose-and time-dependent G1 arrest of the cell cycle and to an increased apoptosis rate as shown in Tables I and II. Recovery time experiments. Next we cultured 2.5x10 3 PC3 cells per dish in 90-mm diameter petri dishes for 2 weeks changing the complete medium every 2 days and administering 0.5 μM gefitinib every 24, 48 and 72 h. At these times we replaced the complete medium with a medium without the drug. We observed that although 0.5 μM gefitinib interfered with the PC3 cell growth, suspension of the gefitinib treatment restored the PC3 cell growth with similar growth rates as shown in Table III . Selection and characterization of gefitinib-resistant cells. In addition, we observed that PC3 cells grown in the presence of 0.5 μM gefitinib were basally arrested in their growth for about 2 weeks. Next, PC3 cells grew in an evidently low gefitinib-dependent manner. Chronic treatment (1-6 months) with 1 μM gefitinib induced gefitinib resistance. We observed ONCOLOGY REPORTS 18: 503-511, 2007 Table I. Dose-dependent GO/G1 arrest and apoptosis in the PC3 cell line after 72-h treatment with gefitinib. ------------------------------------------------ Table II . Time-dependent GO/G1 arrest and apoptosis of the PC3 cell line treated with either 50 ng/ml EGF or 0.5 μM gefitinib. --------------------------------------------- Fig. 1A we show the effects of PKI166 on PC3 WT and in Fig. 1B the IC 50 values obtained in PC3 WT and TKI-R after continous 120-day exposure to 0.5 and 1 μM gefitinib. In Table IV we show the cell cycle analysis in the PC3 cells untreated and treated with 0.5 and 1 μM gefitinib for 120 days. We also observed a cross-resistance with other TKI EGFR specific inhibitors including AG1478 (IC 50 of 3 nM for EGFR and <100 μM for Her2) and PKI166 or erlotinib (data not shown), whereas the pan EGFR inhibitor, CI1033, was effective in both the untreated and the gefitinib-resistant cells. Gefitinib chronic exposure was able to induce evident morphological cell changes in the PC3 cells as observed in Fig. 2 , in which we show a progressive shift toward a fibroblast-like cell population. LY294002 was only able to partially sensitise the PC3-TKI-R cells, suggesting that PI3K is not involved in the gefitinib resistance phenomenon as shown in Fig. 3A and B (3.5 vs 1.6 μM gefitinib IC 50 ). FACS analysis performed in PC3 WT and PC3/TKI-R treated with 0.5 μM gefitinib showed a time-dependent increment in Her2/Neu expression, Basal  24  48  96 
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PC3 cells were cultured for 24, 48 and 72 h in the presence of 0.5 mM gefitinib, washed twice and incubated for 24, 48, 96 and 120 h in complete medium containing 50 ng/ml epidermal growth factor. Table IV . Cell cycle analysis in the PC3 cells.
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PC3 cells were cultured for 120 days in the presence of 0.5 and 1 μM gefitinib, washed twice and incubated for 48 h in the presence of different doses of gefitinib.
with a loss of the double Her2-positive cell populations having a fluorescent index of 1.5 and 3.5 (average 2.8), respectively, and with a larger (average 4,5) Her2/Neu-positive cell population. We also observed a parallel decrement in EGFR expression as is shown in Fig. 4 . The FACS analysis (Fig. 4A ) was confirmed by Western blotting (Fig. 4B) . It has been shown that p185Her2/Neu overexpressing cells are more sensitive to AG825, a selective TKI preferentially inhibiting the HER-2/neu kinase, with respect to low expressing cells. Thus, we observed whether the effectiveness of this drug was different in parental PC3 and TKI-R cells. Using the humanized anti-Her2 antibody (2C4, pertuzumab) we observed similar results (data not shown). As expected, the increased expression of Her2 in the PC3-TKI-R cells was associated to an increased antiproliferative effect vs AG825 (IC 50 0.35 μM for Her2 and 19 μM for EGFR) as indicated in (two-fold) in Her2 phosphorylation was observed in the untreated TKI-R cells (Fig. 4D) . In addition, 50 ng/ml EGF was able to induce p-Her2 levels after 15 min of treatment and this effect was blocked by 0.5 μM AG825 but not by 0.5 μM gefitinib (Fig. 4E) . Also, it has been shown that treatment of cells with EGF (ErbB1-specific) or heregulin (ErbB4-specific) resulted in a hierarchic transactivation of ErbB2 and ErbB3 dependent on GF binding specificity. It is possible that in TKI-R cells the major receptors for EGF/TGFα are the homo-and heterodimers of Her2 which are insensitive to gefitinib. An increment in the neurotrophine receptors, NTRK1 (Trk A) and NTRK2 (Trk B), was also observed (Fig. 5A and B) whithout the modulation of NTRK3 (Trk C) and p75 NTR expression (data not shown). TrkA is a highly specific NGF receptor. P75NTR represents a low affinity NGF receptor and is expressed at very low (often undetectable) levels in PC3 cells and in undifferentiated PCa cells. We observed that TKI-R cells were more sensitive to 10 ng/ml NGF treatment with respect to the parental cells as observed in Fig. 5C . In addition, the effects with both the commercial AG879 (IC 50 10 μM) and CEP701 (IC 50 0.5 μM) were higher in PC3-TKI-R when compared to the parental cells (Fig. 5D) . The levels of the phosphorylated form of TrkA were higher in TKI-R vs WT PC3 cells as shown in Fig. 6A and CEP701 was able to abrogate this activation status (Fig. 6B) . In addition, we observed that NGF was able to activate Her2/ Neu and its phosphorylation was reduced by CEP701 (Fig. 6B ).
EGF and NGF were able to induce Erk activation both in PC3 WT and in TKI-R cells. In Fig. 6D we show the Erk activation in TKI-R cells. As opposed to the parental cells, gefitinib treatment was not able to reduce Erk activation (data not shown), whereas CEP701 (Fig. 6E ) or AG825 (data not shown) were able to significantly reduce Erk activity, supporting the idea that the basal and GF-dependent increment in the MAPK activation was associated with gefitinib resistance. In addition, NGF was able to induce Her2 phosphorylation (data not shown, manuscript in preparation) in a ligand-independent manner suggesting that the cooperation between TrkA and Her2 is important in the progression of PCa and that a dual inhibition could represent an important mechanism for reducing epigenetic changes accompanying several phases of drug resistance.
Discussion
Clinical data have already demonstrated that the prevention of EGFR-mediated signal transduction by the small molecule inhibitor, gefitinib, provides a promising new treatment option for a variety of cancer types. The data documented the existence of an intrinsic or de novo resistance to the drug. To date, resistance to gefitinib has been associated to PTEN loss (46, 55, 56) , RAS mutations (45, 57) or the upregulation of the insulin-like growth factor 1 receptor (IGF-1R) (46) or EGFR mutations (47, 48) . In our study, the continuous exposure of PC3 cells to gefitinib resulted in a sustained growth inhibition (50%) for about 2 months before the surviving cells resumed proliferation. A stable gefitinib-resistant subline (PC3/TKI-R) was established after four more months. During drug desensitization experiments we observed a time-dependent increment of gefitinib IC 50 (from 0.68 to >15 μM). Moreover, gefitinib was still able to induce the cells which had already been treated for 8 weeks, developing resistance undergoing a G0/G1 cell cycle arrest with a corresponding reduction in the G2/M cells without evident cell apoptosis. PC3 cells showed a substantial growth inhibition when initially challenged with gefitinib. The surviving population, however, eventually resumed proliferation even though a successful blockade of EGFR signal transduction was evident in these cells. After the onset of gefitinib resistance, we observed an increased MEK-MAPK activity. Inhibition with PD 98059 was able to reduce cell proliferation and induce cell apoptosis in TKI-R cells. Chronic treatment with gefitinib was also able to induce strong changes in cell shape, with an increment in the fibroblast-like cell proportion, and an increased basal p-Her2 expression. No specific Her2 ligands are evident if EGF, TGF-α and HB-EGF bind to the heterodimers of EGFR/Her2 or if heregulins bind to the heterodimers of Her2 containing erbB3 (Her3) and erbB4 (Her4). PC3 cells are negative for the Her4 protein but express erbB3. Our observations are in agreement with those of Jain et al (54) , who used an in vivo system to generate TKI-R cells from the CWR22R PCa xenograft in which the serial passages into gefitinib-treated nude mice produced a gefitinib-resistant tumor within three generations. When treated with 2C4 pertuzumab, a humanized monoclonal antibody targeted to an epitope of the Her-2 extracellular domain (that inhibits the heterodymerization of Her-2 with EGFR, Her-3 and Her-4), TKI-R CWR22R tumor growth was inhibited by 60%. The TKI-R PC3 PCa cells showed a substantial growth promotion following the challenge with NGF and were clearly more responsive to this ligand as compared to the parental cells. In addition, a significant increase in basal TrkA phosphorylation was demonstrated in the gefitinib-resistant population compared with the parental cells. Furthermore, the enhanced role postulated for TrkA (59) (60) (61) (62) in mediating the growth of TKI-R PCa was reinforced by dose-response studies, in which significant differences in the sensitivity to TrkA TKI CEP701 (61, 62) were shown in the TKI-R cell line compared with the parental line. Clearly, the prostate gefitinib-resistant phenotype compensated for the EGFR blockade via Her2 and/or TrkA signalling. The PC3/TKI-R prostate cells increased TrkA expression and NGF sensitivity to TrkA inhibition, whereas the parental PC3 cells were only partially affected by the TrkA inhibitor. On the acquisition of resistance to the EGFR inhibitor, however, PC3 cells acquired ~50% growth inhibition in response to the inhibition of TrkA. This implies that there is no modulation or interplay between these pathways in the prostate cells but merely a switch in pathways with the intervention described. In addition, it has been shown that in breast cancer, NGF collaborates with Her2 in the activation of an overproliferative phenotype (63) and in pheocromocitoma cells, PC112 NGF downregulates Her2 expression (64).
In addition, Her2 has been shown to heterodymerize with IGF-1R (65) and to contribute to gefitinib resistance. Another possible cause for the gefitinib resistance could be the acquisition of new or secondary EGFR gene mutations affecting the TK domain. It has been shown (50,51) that gefitinib and erlotinib are able to induce resistance by secondary mutations of the EGFR TK domain (45, 52) . However, although these mutations have been demonstrated to confer drug resistance, we did not consider these EGFR mutations as being responsible for the gefitinib resistance in PCa cells through several functional evidences: i) EGFR was able to be activated by its ligands such as EGF, both in untreated or gefitinib-resistant cells, and ii) 0.5-10 μM gefitinib was able to block both basal and EGF-mediated p-EGFR expression in intact cells. Therefore, this simple functional approach demonstrates that mutations such as T790M, which affect tyrosine activity, if they are present, do not involve threonine 790. In conclusion, compared with the parental cells, TKI-R PC3 PCa cells show i) an increment in the basal ERK activation levels, ii) an EGF-mediated and gefitinib insensitive ERK phosporylation, iii) increased levels of Her2/Neu, iv) a significant decrement in EGFR expression and activity, v) an increased sensitivity to growth inhibition by AG825, an Her2 inhibitor, vi) an increased expression of the neutrophine receptors, TrkA and TrkB, without modulation in Trk C and p75 NTR, and vii) an increased sensitivity to growth inhibition by CEP701. In addition, MAPK inhibition abolished gefitinib resistance completely, supporting the idea that MAPK activation was associated with gefitinib efficacy and resistance in the PTEN-negative PC3 cells. Such data support the importance of the utilisation of chronic exposure models in order to delineate mechanisms of acquired drug resistance as they may reflect the clinical scenario more closely than acute drug challenges. These data have important predictive and therapeutic clinical implications: These results can help to explain the molecular responses in gefitinibresistant prostate tumors and to improve the chemotherapeutic strategies for their clinical treatment. Moreover, the existence of multiple proliferation signaling pathways in cancer cells could favor the choice of multidrug chemotherapy strategies vs monochemotherapy, with the perspective of higher efficacy paralleled by lower side-effects with multiple regimens using lower doses of each drug as compared to monotherapies.
